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Put FETs to Work in Electrometers 
Field-effect transistors, with their high impedance and low noise, can effec- 
tivelg measure verg low currents. To bring the FET up to electrometer stand- 
ards (so that it can measure currents of, sag, lo3 amp) the designer must know 
where the noise is and what to  do about it. 
Robert Munoz 
NASA Ames Research Center 
Moffet Field, Calif. 
Rf 
1 
0 1 LEAKAGE RESISTANCE 
( a )  
0 c 
( b )  
I 1 
ANY MEASUREMENTS in physics, M chemistry and industrial process control 
involve very small currents (less than 
amp). Until the advent of the field-effect 
transistor (FET),  the only way to achieve 
the high input impedance and low noise level 
for a pico-ampere current measurement was 
to use a high-grade electrometer type of vac- 
uum tube in a carefully constructed labora- 
tory circuit. 
FETs cag perform as well as, and even 
better than, vacuum tubes in electrometer- 
type instrumentation. They do, however, 
need careful circuit design. 
Fig. 1 shows one way to measure very low 
currents, by capitalizing on the high inpuf 
impedance of an FET. Here the current 
being measured at the input is transformed 
by an operational amplifier and feedback re- 
sistor setup into a sizable voltage level at the 
output. The FET is used as the input stage 
for the operational amplifier. With this ar- 
rangement, and using commercially available 
FETs, currents as low as 10-13 amp can be 
measured over a 1-cps bandwidth. 
How far can this scheme be pushed and 
what are the design considerations for the 
operational amplifier? In the ideal case, in 
which the operational amplifier is assumed to 
have an infinite input leakage resistance, the 
only limitation to the system’s sensitivity 
would be due to the thermal noise from the 
feedback resistor R,. It will be shown that 
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when only this source is considered, the sig- 
nal-to-noise ratio is proportional to the square 
root of the feedback resistance. Fig. l b  mod- 
els the ideal situation by including a thermal- 
noise voltage generator, v,, in series with the 
feedback resistor R f .  A nodal equation for 
currents at  the amplifier’s input yields: 
a,, = 2, (1) 
Substituting Rf’s branch voltage-amperage 
relationship for i f ,  we get: 
Writing ei, in terms of e ,  and solving for e ,  
we get: 
-ii,l Rf -v, 
(1 + 1lA) 
e, = (3) 
This basic relationship demonstrates that, 
if the noise is negligible, the output voltage 
is a direct measure of the input current and 
is related to the transresistance R,. There- 
fore, as we have already indicated, if R, can 
be made very lacge, the circuit of Fig. 1 pro- 
vides a feasible technique for measuring 
small currents. 
How Noise Affects 
The Basic Scheme 
But what happens to the noise when we 
make Rf large? The noise voltage v, in- 
creases but, fortunately, the noise current 
that interests us most decreases. This can 
be seen when the signal-to-noise voltage ratio 
is developed from Eq. 3. 
Here the signal-to-noise voltage ratio is 
defined as the output rms voltage due to 
current input compared with the output volt- 
age due to noise input. This ratio is more 
meaningful than the signal-to-noise power 
ratio when the objective of the circuit is to 
measure current. 
The value for the rms thermal noise volt- 
age, v,, is given by: 
(5) V ,  1 (4KTERf) ’’’ 
where : 
K = the Boltsman Constant, 1.38 x 
Joules/deg K 
T = absolute temperature in K 
E = bandwidth in cps 
and the S / N  ratio becomes: 
Surprisingly, the noise performance of this 
feedback scheme improves with increasing 
feedback resistance, as shown by Eq. 6. If 
temperature and bandwidth are fixed, the 
signal-to-noise ratio is directly proportional 
to the square root of the feedback resistance. 
However, in practical circuits, leakage resist- 
ance limits the degree to which the signal-to- 
noise ratio can be obtained by increasing the 
feedback resistance. 
In actual amplifiers4ven those using 
FETs in their input stages-there will be 
some leakage.* The noise associated with the 
leakage into the operational amplifier must 
also be considered. Fig. IC shows the equiva- 
lent circuit of the operational amplifier when 
the thermal noise voltage associated with this 
*The newer MOS ( Metal-Oxide-Semiconductor) 
FETs may have even lower leakage currents, be- 
cause their gates are almost completely insulated 
from the main channel being controlled. Both de- 
vides build up their control voltage fields with ca- 
pacitor-like gate structures. But whereas the back- 
biased diode used by the ordinary ET has a certain 
amount of leakage, the true capacitor structure of 
the MOS’s gate is separated from the main channel 
by a near-perfect insulator. However, since the MOS 
field-eff ect transistors are surface-operated devices, 
some experts feel they will always have higher noise 
figures than the earlier diode-gate FETs. 
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I leakage resistance is considered but the noise 
associated with the feedback amplifier is ig- 
nored. If the input current is zero, the noise 
voltage appearing at the output can, by a 
process similar to that used for the feedback 
resistor noise, be represented by: 
This shows that the output noise due to  leak- 
age varies inversely as the leakage resist- 
ante, R,. - 
Since the system is linear, the principle of 
superposition holds, and the total noise con- 
tributed by each of the processes can be 
found by addition of the noise powers. How- 
ever, we are really interested in output volt- 
age, not output power, so wemust first con- 
vert voltages to power, take the sum, and 
then convert back to voltage. This may be 
done by taking the square root of the sum 
of the squares of the voltages in question. 
The total noise from the two thermal-noise 
resistance sources Rt and R,  then is: 
R; l/Z 1 
eo tola1 noise - (1 + 1/A) (’,? + F )  (8) 
Introducing the parameters for the thermal 
noises, vn and vnl, 
Then the total signal-to-noise ratio be- 
comes : 
This is a most important result, since it 
describes how leakage resistance R ,  deterio- 
rates the performance of the current-meas- 
uring system. Since the FET has an in- 
herently high leakage resistance, good signal- 
to-noise ratios can be .achieved at very low 
current levels. 
Thermal noise originating in the drain 
circuit of the FET has been neglected in this 
analysis. The current gain of the FET is so 
large that the thermal noise of the input pre- 
dominates. Recombination noise is negligible 
in the drain circuit because the FET is a 
majority-carrier device.’ 
FET’s Qualities Accented 
By Amplifier Circuit 
Fig. 2 shows a circuit for the operational- 
amplifier that optimizes the noise perform- 
ance of the FET in several ways. First, the 
circuit is relatively wideband so that the user 
has reasonable latitude in employipg addi- 
tional filters to tailor his instrumentation 
bandwidth for minimum noise. Second, there 
are no unnecessary noise-producing resistors 
in the input circuit. The FET’s gate is biased 
by a feedback circuit. 
All transistors suffer from l/f noise and 
the FET is no exception. However, above 1 
Kc this type of noise is rarely a problem.2* 
For this reason the circuit in Fig. 2 is ac- 
coupled. Since the external filtering would 
probably cut the response down to a narrow 
bandpass anyway (which because of l / f  
noisewould remain above the very low fre- 
quencies), this is not a drawback. 
Simplicity was another design objective. 
The first active element, FET T1, is paired 
with a conventional bipolar transistor TZ 
in a close-coupled feedback arrangement. 
This has several advantages. It permits in- 
phase operation so that with only one addi- 
tional transistor stage, T3, the over-all am- 
plifier will have the pToper phase inversion 
for operational performance. 
Transistor T2 cancels the FET’s source-to- 
gate capacitance and at the same time lessens 
the gain loss due to the FET’s source-fol- 
lower configuration. This configuration is, 
of course, desirable to maximize its input 
impedance. T2 raises the pair’s gain by ap- 
2N2606 2N697 2N2484 
0-1 pf 470K 
22K 
0 - ‘  I I 0 -  
2. Electrometer amplifier for the Fig. 1 feedback 
scheme uses a field-effect transistor at its input. The 
FET‘s ability to maintain a low noise while providing 
a high input impedance is further optimized by the 
source-follower arrangement. The conventional bipolar 
transistor, T2, helps to minimize the FET’s source-to-gate 
capacitance. The feedback circuit from output to the 
FET’s gale also supplies bias, thus eliminating input 
resistor bias networks-another source of noise. 
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3. Frequency response of the amplifier when used 
in a gain-of--lO circuit (a) and noise characteristics (b). 
In practice, as much of the lower frequencies under 
1 Kc as possible would be cut off to eliminate the 1 / f  
noise. The lower graph indicates that the noise levels 
of the amplifier are low enough over 100 cps to permit 
it to see amp. 
proximately 0.6, producing a very nearly 
unity gain. This reduces the equivalent ca- 
pacitance between the gate and the source. 
The circuit's input time constant is now lim- 
ited only by the gate-to-drain capacitance. 
Maximum bandwidth is achieved, since the 
input time constant is limited only by the 
gate-to-drain capacitance. 
Fig. 3a shows the frequency response of 
the circuit when it is used as an operational 
gain-of-10 amplifier (a  10-Meg input re- 
sistance and a 100-Meg feedback resistance). 
Fig. 3b shows the amplifier's noise-current 
density, plotted as a function of frequency. 
It demonstrates that for presently available 
FETs, i t  is possible to measure currents as 
low as at room temperatures, over l-cps 
bandwidths. When higher-purity materials 
and FETs with higher leakage resistances 
become available, even greater sensitivities 
should be attainable. . . 
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